Abstract-In this paper, modeling and control of spiral motor is proposed. The voltage equation and motion equation of the spiral motor is proposed. Based on this modeling, control system for the spiral motor is proposed. The proposed controller consists of three parts; the first part is PI current controller with back EMF compensation specialized for spiral motor, the second part is disturbance observer based PD controller for linear and gap motion interacting each other, and the third part is zero-power controller for equilibrium fluctuation of gap displacement. It is confirmed that the proposed controller achieves independent linear position and gap control simultaneously.
I. INTRODUCTION
Efficiency and power density of the electric motors are very high compared to other actuators, but its torque is not enough for several applications. Therefore high-ratio gears are combined with electric motors in many applications. Main losses in such actuator systems with the geared servo motors are mechanical transmission loss in the gears, iron loss in the iron core, copper loss in the windings, and switching loss in the power converter. From a control viewpoint, the mechanical loss, i. e., friction loss reduces adaptability, safety, and backdrivability in the motion systems. Various motion mechanisms and controls that recover the backdrivability were reported in the past works [1] - [10] .
The authors have proposed a novel helical mechanism of actuator that realizes direct-drive motion without mechanical gears [11] - [13] . The structure and developed prototype are shown in Fig. 1 . Permanent magnets are attached on the surfaces of the mover. Slots are provided for winding on the surface of the stator. Three-phase winding in the slots generates flux in the axial direction. Thus, the spiral motor is a helical motion permanent magnet axial flux machine. Due to its large air-gap area, the motor can generate relatively high thrust force.
In this paper, circuit equation and motion equation of the spiral motor are introduced. In order to realize direct-drive motion, we need to keep the air-gap constant. A magnetic levitation control is proposed for this purpose. A variation of the zero power controller is also proposed. Figure 1 (a)-(c) shows a preliminary structure of the spiral motor. Permanent magnets are attached on the surfaces of the mover. Slots are provided for windings on the surface of the stator. The spiral motor is a helical motion axial flux permanent magnet motor. Three-phase windings in the slots generates flux in the axial direction. Due to its large air-gap area, the motor can generate relatively high thrust force.
II. MODELING OF SPIRAL MOTOR

A. Mechanism of Spiral Motor
The cross sectional view of the spiral motor is shown in Fig. 1 (d) . The radial load applied to the output shaft is supported by two slide rotary bushes and the thrust load is directly controlled by the electromagnetic force. Thus a magnetic levitation control is required to keep the air-gap constant. For this levitation control, two independent threephase inverters are required.
B. Prototypes
Four types of prototype of spiral motors have been developed as shown in Table III . A helical-shape stator yoke is made of soft magnetic composite (SMC) as shown in Fig. 2 . A helical-shape magnet is made of Nd-Fe-B as shown in Fig.  3 . Internal structure of the stator is shown in Fig. 4 . The NdFe-B magnets are attached on the mover yoke which is made of silicon steel, as shown in Fig. 5 . Precise helical shapes of the stator and mover enable uniform short length of air-gap and avoid concentration of stress when the mover touches down to the stator.
Exterior of the spiral motor is shown in Fig. 6 . A rotary encoder and linear encoder attached at the mover measure the linear position x and rotation angle θ for control. Displacement of the air gap x g is computed by using these measurement as follows.
C. Permeance Model
In order to derive analytical voltage equation, and thrustforce and torque equations, a permeance model of the motor for 360 degree electric angular displacement in polar coordinates is presented. Figure 7 shows the polar coordinates expression of the motor. From this model, a simple magnetic circuit as shown in Fig. 8 is obtained. For simplicity magnetic resistance of Table II . For simplicity, we assume that the permeability of the permanent magnet μ m is equivalent to μ 0 . Also the edge effect is ignored.
In the part (A) of the magnetic circuit, interlinkage flux
T is current vector and L is an inductance matrix: In general, a salient-mover machine has a mutual inductance between n i -turns windings at position θ i and n j -turns windings at position θ j represented by
where
is a nominal gap between the mover iron and the stator. Instead of (2), we 
, and θ 3 = pθ. The model (4) is equivalent to (2) if the machine is not salient, i. e., P d = P q = P holds. The voltage equation, thrust-force equation, and torque equation of the spiral motor are derived by using the inductance matrix (4) as follows.
is resistance of windings, and f and τ are thrust-force and torque of the mover, respectively.
D. Voltage Equation on dq-axis
In order to apply field oriented control to the spiral motor, dq-axis model of the spiral motor is derived as follows. Let the transformation matrix C be
3 ). Then the dq-axis current and voltage are represented by I dq = CI and V dq = CV where The voltage equation on dq-axis is
In (9), note that
Then, the voltage equation (9) is expanded as follows.
) is equivalent mutual inductance between d-axis stator windings and field magnet windings.
) is equivalent self-inductance of field magnet windings.
Finally, following dq-axis voltage equation is obtained by taking first two equations (11), (12) and substitutingİ f = 0.
where Ψ f = L df I f corresponds to field flux by the permanent magnet. Fig. 9 shows block diagram of this dq-axis circuit model. As the same manner, voltage equation of part (B) in Fig. 7  and 8 is obtained as follows.
where 
Two independent three-phase inverters are required for driving the spiral motor. One inverter controls the circuit (15) and the other controls the circuit (16).
E. Thrust-force/Torque Equation
Thrust-force equation (6) and torque equation (7) are rewritten by using I dq as follows.
As the same manner, thrust-force equation and torque equation in part (B) are obtained as follows.
Finally, total thrust-force and torque per 360 degree electrical angle are obtained as f total = f + f � and τ total = τ + τ � . Hense, the equation of motion is obtained as follows.
where M , J are mass and inertia of the mover, respectively. D, D τ are friction coefficient for linear and rotaty motion, respectively. d, d τ are disturbance force and torque applied to the mover, respectively. 
F. Simplified Thrust-Force/Torque Model
For control design, a simplified model is obtained by linearlizing (18), (20), (21), and (22) around
From (25) and (26), linear motion is mainly controlled by d-axis current and rotational motion is mainly controlled by q-axis current. The first term in (25) corresponds to a unstable drift force which is a positive feedback in terms of gap displacement.
When the field oriented control is applied to (15) 
� , and K τ = 2pΨ f 0 . From (23), (24), (27), and (28), it turns out that the motion system has a spring whose coefficient is negative. Figure 10 shows the block diagram of the simplified model of the motion system. 
III. CONTROL OF THE SPIRAL MOTOR
A. Current Controller
From (15) and (16), current controller is designed as follows.
where the controller gains are chosen so that
B. Position/Gap Controller with Disturbance Observer
From (27) and (28), current references are obtained as follows.
where f ref and τ ref correspond to thrust-force and torque references. The modeling error and disturbance are compensated by using disturbance observer [2] as follows.
where the termsd andd τ are estimated disturbandes.
The acceleration references in (39) and (40) are computed by trajectory tracking feedback controller for position x and regulator for gap displacement x g as follows.
where x cmd represents position command of the mover, x cmd g represents gap displacement command, respectively. Ideally, the unstable equilibrium point corresponds to being the gap displacement x g = 0. However, there is a offset of the equilibrium point according to the manufacturing accuracy of the parts of the stator and mover. Thrust load also affects the offset. In such a case, there remains constant current in order to achieve x g = 0, which causes copper loss in the windings. should be set to be the equilibrium point by using the zero power controller.
C. Zero Power Controller
Zero-power control [14] was proposed for electromagnetic suspension systems using permanent magnets, which achieves automatic gap adjustment so that the input current converges to zero. In this paper, we propose a variation of zero-power controller suitable for our control system. The equilibrium gap displacement corresponds to the equilibrium.
where K z represents a controller gain.
D. Overall Control System
Finally, the overall control system of the spiral motor is described as shown in Fig. 11 . 
IV. SIMULATION
A. Plant and Control Parameters
B. Results
The proposed control system is applied to spiral motor model (5)- (7) . Figure 12 shows simulation results of the proposed control. The mover touches down at t = 0[sec], i. e., the gap displacement is set to x g = 0.7[mm] as the initial condition.
Step command x cmd = 1[mm] for the linear position x is given at t = 0.4 [sec] . Figure 12(a) shows the position and gap response of the mover. In this figure, the rotation angle θ is converted to equivalent linear displacement by multiplying � p /2π. We can see that the gap displacement converges to neutral position and the mover position converges to the command value without interfaring gap control. Fig.  12(b)(c) show armature current and input voltage on dq-axis. Figure 13 shows simulation results when the actual mass M fluctuates 10 times bigger than the nominal value M n . Very robust response is obtained. current required. Positioning accuracy of both cases are almost same. Thus, the proposed control has a advantage of energy efficiency.
C. Response under Inertia Fluctuation
D. Response under Equilibrium Fluctuation
V. CONCLUSION
In this paper, modeling and control of spiral motor is proposed. The model consists of two parts; one is voltage equation that is an extension of well-known dq-axis model, and the other is motion equation that has a negative spring. The proposed controller consists of three parts; the first part is PI current controller with back EMF compensation specialized for spiral motor, the second part is disturbance observer based PD controller for linear and gap motion interacting each other, and the third part is zero-power controller for equilibrium fluctuation of gap displacement. It is comfirmed that the proposed controller achieves independent linear position and gap control simultaneously. 
